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The annual legume Medicago truncatula Gaertn. is a member of the phylogenetic "galegoid" group, which comprises agronomically significant crop species such as pea (Pisum sativum), broad bean (Vicia faba), chickpea (Cicer arietinum), and alfalfa (Medicago sativa) (21) . Due to the relatively small, diploid genome (≈500 Mbp) and a short generation time, M. truncatula has been established as a model plant for molecular and genetic studies with the aim to identify agronomically important genes in other legumes.
Searching for new sources of resistance in crop plants to important pathogens has been done by screening host plants or closely related plants (1, 17) , including M. truncatula (14) . Resistant cultivars provide the resources for further analysis of the molecular mechanisms underlying genetic diversity for plant pathogen resistance. The alfalfa rust Uromyces striatus J. Schröt. is widely distributed in four of the five continents (6, 7) . The worldwide dispersal of this fungus could be the result of the broad host range which comprises at least 141 species and subspecies from the tribes Trifolieae, Cicereae, and Vicieae, including alfalfa (M. sativa) and barrel medic (M. truncatula) (15) . Therefore, resistance reactions of the "nonhost" type appear unusual and should be used as a promising resource for molecular analysis and breeding for resistance.
In this article, we have studied Mediterranean and some Australian accessions of M. truncatula. We show that stomatal structures do not contribute to unspecific resistance, but we describe one example where haustorial mother cells cannot penetrate healthy host cells.
MATERIALS AND METHODS
Plant material, growth conditions, and inoculation procedure. Five U. striatus single-spore isolates were obtained from different host plants and habitats. Because they showed no differences in their infection rates on M. sativa and M. truncatula, the isolate KN1, which was obtained from naturally grown M. sativa on the campus of the University of Konstanz (Germany), was selected for further studies. For the experiments, only uredospores were used.
Seed of 113 cultivars and lines selected from natural populations of M. truncatula and M. sativa cv. Europe (KWS, Einbeck, Germany) distributed throughout the Mediterranean basin (kindly supplied by J. M. Prosperi, INRA, Montpellier, France) were grown under controlled conditions (22°C, 16 h of light; 20°C, 8 h of darkness, 70% relative humidity). Five to seven 3-week-old plants were inoculated by spraying with 10 mg of uredospores suspended in 1 ml of kerosene using an air brush. Plants were allowed to dry for 30 min. In order to get open stomata, M. truncatula plants were exposed to light for 1 h. All plants were incubated in darkness for 24 h at 20°C and 100% relative humidity.
Screening for resistance. Two weeks after inoculation, plants were screened for resistance to U. striatus. Symptoms were classified according to Stakman et al. (16) . The scale was expanded for better resolution of the infection types. Class 0 (some chlorosis without visible pustules) and class 1 (very small pinpoint pustules surrounded by necrosis) were regarded as resistant. Class 2 described an intermediate interaction type (few small pustules with extensive chlorosis). Classes 3 and 4 were regarded as susceptible (pustules with chlorosis and large pustules with little or no chlorosis, respectively). To confirm the results, plants of compatibility classes 0, 1, and 2 were inoculated again and tested 3 and 4 weeks after inoculation.
Low-temperature scanning electron microscopy. Segments of leaf tissue (25 mm 2 ) were mounted on sample holders with Tis-sue-tek (Sakura, Tokyo) and plunge-frozen in nitrogen slush. By using a vacuum transfer device, samples were transferred into the Alto 2500 (Gatan, Oxford, UK) vacuum preparation chamber (pressure <2 × 10 -4 Pa) and mounted onto the cryostage precooled to 93 K. For sublimation of ice on the sample surface, the cryostage temperature was raised to 176 K for 30 s and then cooled to 143 K. Samples were sputter coated with a 5-nm-thick platinum layer and afterwards transferred to the scanning electron microscopy (SEM) cryostage cooled to 148 K. Examination was performed with a S-4700 field emission scanning electron microscope (Hitachi, Tokyo) at an acceleration voltage of 2 kV. SEM micrographs were recorded digitally in a 40-s scanning mode.
Histology. For studying the fungal development on leaf surfaces, inoculated plant material was collected 1 day after inoculation, fixed with 0.2% glutaraldehyde, and afterwards stained and mounted according to Vaz Patto and Niks (20) .
In order to follow the fungal growth within the tissue, and to determine the extent of host cell defense responses (cell death and autofluorescence), leaves were harvested daily until the fifth day as well as 7, 9, and 14 days after inoculation. Samples were fixed in acetic acid:ethanol (1:3, vol/vol), cleared with preheated (95°C) lactophenol:ethanol (1:2, vol/vol), and stained in 0.1% trypan blue. After incubation in boiling 0.125 M KOH for 1 to 3 min, samples were mounted in 100% glycerol. Images were obtained Topography sensing. An important factor in achieving successful penetration of a host plant surface is the ability of the dikaryotic rust germ tube to recognize stomatal openings. Microscopic analysis 24 h after inoculation revealed that germination on the leaf epidermis and formation of appressoria over stomata did not differ statistically between the two susceptible Medicago cultivars and the resistant M. truncatula lines (data not shown), an observation already described by Rubiales and Moral (14) for Australian accessions. SEM data revealed major differences in leaf surface structures surrounding the stomata of the investigated Medicago lines. Accessions differed in number of wax crystals covering the guard cells and in the height and structure of stomatal ledges (Fig. 1A to F) . Even accessions with partly occluded stomata (Fig. 1E) did not exhibit reduced penetration efficiency. Thus, the surface sensing system of the U. striatus germ tube permits the recognition of a quite diverse array of stomatal topographies.
Microscopic analysis of infection. Development of rust infections within the leaves of selected Medicago lines was studied by light microscopy. Three days after inoculation, the accessions already differed considerably in the number of haustoria formed per infection site (Fig. 2) . In the susceptible cvs. Europe and Jemalong, the number of haustoria was significantly higher than in the resistant lines. Although, in the susceptible cultivars, all haustoria were formed properly, rust development frequently was arrested after formation of haustorial mother cells in DZA.045 (47.3%), ESP.100 (26.7%), ESP.162 (50.0%), and GRC.098 (34.7%). If infection was not blocked at this stage, fungal growth was stopped after haustorium formation. In the ecotype F11.008, almost no haustorium was observed even 8 days after inoculation (Fig. 2) , and fungal development was stopped at the prehaustorial stage in 94.7% of the penetration sites.
To characterize the defense reactions of the different accessions, the number of necrotic plant cells per infection site and autofluorescence of cells within infection sites were compared (Figs. 3 and 4) . In cv. Europe, no necrotic cells were visible and, in Jemalong, only very few necrotic cells occurred (Fig. 3) . In both susceptible cultivars, no autofluorescence was observed around the infection sites. In contrast, the resistant Medicago accessions DZA.045, ESP.100, ESP.162, and GRC.098 exhibited strong autofluorescence after fungal penetration and numerous necrotic cells around the infection sites. The strongest fluorescence was detected in M. truncatula DZA.045 ( Fig. 4A1 and A2) . Here, primary and a few secondary haustoria were formed and infected cells did not show any visible defense reaction. Only neighboring plant cells turned brown and exhibited strong autofluorescence. Nine days after inoculation, some small uredosori could be observed surrounded by rings of necrotic cells (data not shown). In contrast, in ESP.100, ESP.162, and GRC.098, numerous haustorium-containing necrotic cells with strong cytoplasmic autofluorescence were detected ( Fig. 4B1 and B2 ). At 9 to 10 days after inoculation, very small pinpoint uredosori were (Fig. 4C2) . In this accession, nearly no haustoria and only very few necrotic or fluorescent cells were observed in the vicinity of fungal hypha (Fig. 4C1) . Even at 14 days after inoculation, no sporulation was detected (data not shown).
DISCUSSION
The screening of 113 mainly European M. truncatula accessions inoculated with U. striatus isolate KN1 revealed 108 accessions that represent the typical compatibility reaction which results in sporulating pustules. Nevertheless, five Medicago ecotypes showed strong resistance as evidenced by a lack of pronounced pustules.
SEM of leaf surfaces around the stomata of M. truncatula accessions revealed major differences both in the arrangement of wax crystals and in the size and shape of guard cell lips. Yet, appressorium formation of U. striatus in these accessions did not differ significantly. This is in contrast to results obtained by VazPatto and Niks (20) with Puccinia hordei in different accessions of Hordeum chilense. Their study indicates that failure to form appressoria was due to the presence of a prominent wax layer over the guard cells of the particular Hordeum line.
Studies with artificial substrata showed that optimal appressorium formation of U. striatus was induced on a wide range of ridges ranging from 0.1 to 1.2 µm in height (E. Kemen and K. Mendgen, unpublished data), indicating a low specificity of topographic sensing compared with other species of rust fungi, such as U. appendiculatus and U. vignae, which showed an optimal induction of appressoria on ridges in a narrow range from 0.4 to 0.8 µm (2) . Thus, the ability of U. striatus germlings to respond to different surface topographies with efficient appressorium development might be an adaptation that contributed to the wide host range of at least 141 legume species (15) .
Successful penetration is followed by the development of a sequence of specialized infection structures within the substomatal cavity and the formation of nutrient absorbing haustoria within the host mesophyll cells (8) . Three days after inoculation with U. striatus, M. sativa cv. Europe and M. truncatula Jemalong showed well-developed colonies of intercellular mycelium with numerous haustoria. However, the number of haustoria per infection site was higher for M. sativa (3.4 haustoria) than for M. truncatula Jemalong (2.4 haustoria) . The reason might be that M. truncatula represents an inferior host compared with M. sativa, as has been described (6) .
Plant reactions within resistant ecotypes differed clearly. In the ecotypes DZA.045, ESP.100, ESP.162, and GRC.098, accumulation of fluorescing compounds and necrotic cells was observed. DZA.045 showed both fluorescence of cells and an intense yellow-blue autofluorescence of cell walls surrounding the infection site, indicating the deposition of lignin and lignin-like phenolics (5) . In addition, abortion of cells not forming any haustoria was observed and haustorium development was severely restricted, leading to very poor sporulation.
The ecotypes ESP.100, ESP.162, and GRC.098 showed brownish cells for resistant accessions of M. truncatula as described recently (14) , but also strong autofluorescence was detected, both typical characteristics of hypersensitive reactions as previously described by Elmhirst and Heath (4). The reactions were very similar to that described earlier for wheat lines containing the Sr5 gene for resistance against P. graminis f. sp. tritici (19) .
In contrast to the other resistant lines, the M. truncatula line F11.008 showed prehaustorial resistance. Fungal development stopped immediately after formation of haustorial mother cells without necrosis of cells in contact with the fungus. Thus, it has the characteristics of a non-hypersensitivity resistance (3). Observations of late infection stages (14 days postinoculation) did not reveal further development of the fungus or the production of haustoria. This appears to be a new interaction type which has not been described before in M. truncatula. Similar high levels of resistance have been described for several other plant-rust fungi interactions (3, 11) . This type of resistance typically is exhibited by nonhost plants (9) and presents a highly effective and durable resistance (18) . However, it is suspected that plants exhibiting nonhost resistance within a susceptible species may have been evolved from ancestors that were susceptible (10). Nevertheless, it seems to be based on multiple defense mechanisms, as previously shown by studies of a variety of Arabidopsis mutants inoculated with the nonpathogenic fungus U. vignae (12) as well as of Hordeum vulgare cultivars inoculated with P. triticina (13) . An example of nonhost resistance has been described showing that the hypersensitive reaction is not always required: an Arabidopsis mutant (dnd1) which shows a defect in hypersensitive cell death but retains resistance against an avirulent Pseudomonas syringae strain (22) .
The availability of Medicago ecotypes presented in this study opens the possibility for studying the molecular basis of important resistance factors of legumes, especially a strong nonhost-like form of defense.
